The presentation of images that are similar to that of an unknown lesion seen on a mammogram may be helpful for radiologists to correctly diagnose that lesion. For similar images to be useful, they must be quite similar from the radiologists' point of view. We have been trying to quantify the radiologists' impression of similarity for pairs of lesions and to establish a "gold standard" for development and evaluation of a computerized scheme for selecting such similar images. However, it is considered difficult to reliably and accurately determine similarity ratings, because they are subjective. In this study, we compared the subjective similarities obtained by two different methods, an absolute rating method and a 2-alternative forced-choice ͑2AFC͒ method, to demonstrate that reliable similarity ratings can be determined by the responses of a group of radiologists. The absolute similarity ratings were previously obtained for pairs of masses and pairs of microcalcifications from five and nine radiologists, respectively. In this study, similarity ranking scores for eight pairs of masses and eight pairs of microcalcifications were determined by use of the 2AFC method. In the first session, the eight pairs of masses and eight pairs of microcalcifications were grouped and compared separately for determining the similarity ranking scores. In the second session, another similarity ranking score was determined by use of mixed pairs, i.e., by comparison of the similarity of a mass pair with that of a calcification pair. Four pairs of masses and four pairs of microcalcifications were grouped together to create two sets of eight pairs. The average absolute similarity ratings and the average similarity ranking scores showed very good correlations in the first study ͑Pearson's correlation coefficients: 0.94 and 0.98 for masses and microcalcifications, respectively͒. Moreover, in the second study, the correlations between the absolute ratings and the ranking scores were also very high ͑0.92 and 0.96͒, which implies that the observers were able to compare the similarity of a mass pair with that of a calcification pair consistently. These results provide evidence that the concept of similarity for pairs of images is robust, even across different lesion types, and that radiologists are able to reliably determine subjective similarity for pairs of breast lesions.
I. INTRODUCTION
Breast cancer is the most frequently diagnosed non-skin cancer and the second leading cause of cancer deaths in women in the United States. According to the American Cancer Society, 1 240 510 new cases were expected in 2007, including DCIS. Mammography is currently considered the most useful screening method for early detection of breast cancers in the general population. Earlier studies of randomized clinical trials [2] [3] [4] have shown that periodic mammographic screening can reduce the breast cancer mortality. However, for detecting cancers at an early, favorable stage, many patients with benign lesions are also sent for biopsy. In fact, only about 15% -40% of the lesions that are biopsied based on the mammographic findings are found to be malignant. [5] [6] [7] To improve this low positive biopsy yield, investigators have been developing computerized schemes in the hope of aiding radiologists in the distinction between benign and malignant lesions on mammograms. The results of receiver operating characteristic studies have indicated that computer-aided diagnosis ͑CAD͒, in which radiologists make diagnoses by taking into consideration the computer output, has the potential to improve the diagnosis of masses 8, 9 and clustered microcalcifications. 10 In these studies, observers were provided with the likelihood of malignancy of the lesions as a numerical percentage. Some radiologists may use this quantitative likelihood effectively; others may not do so because of the lack of understanding as to why a computer estimates lesions to be suspicious or likely to be benign.
Another way to help radiologists is to provide images with known pathology, which are similar to that of an unknown lesion. Presentation of similar images as a computer aid has been studied by several investigators for interpretation in chest radiography, 11 thoracic computed tomography ͑CT͒, 12, 13 and mammography. [14] [15] [16] [17] [18] [19] Some of these studies 12, 13, 16, 17, 20 demonstrated that the presentation of simi-lar images has the potential to improve radiologists' diagnostic performance. In order to retrieve images that are helpful, we believe that the images must be really similar to an unknown lesion, as judged from the radiologists' points of view. Consequently, it is important to obtain similarity ratings for many pairs of lesions by many radiologists. However, it is considered difficult to reliably determine the subjective similarity of images, and some variations among radiologists are expected. In this study, image similarities determined by two different methods are compared; ͑1͒ an absolute rating method and ͑2͒ a 2-alternative forced-choice ͑2AFC͒ method, also known as a paired comparison method. Our goal was to demonstrate that reliable and useful similarity ratings for pairs of masses and pairs of clustered microcalcifications can be determined. A similar study was conducted by Nishikawa et al., 21 in which they investigated the similarity for 30 pairs of calcifications determined by the two methods, i.e., the absolute method and the paired comparison method. Four observers, including three breast radiologists and one experienced research technician, participated in their study. In general, there was a good correlation between the scores for the two methods ͑Pearson's correlation coefficient of −0.77͒; however, there were substantial differences for some pairs. One of the disadvantages of the 2AFC method is that the results obtained are only rankings, and they may not have a linear relationship with the absolute ratings. For example, pairs with ranks of one and two and pairs with ranks of two and three are both considered as the same difference in one rank, even if the difference in similarities of the former pairs may be larger than that of the latter pairs. In this study, we selected only eight pairs each for masses and microcalcifications. The purpose was to demonstrate simply and clearly the relationship between the similarities obtained by the two methods. The number of observers was increased to ten to reduce the effect of inter-observer variability and the effect of the quantized ranking. In addition, another set of similarity ranking scores was determined by use of mixed pairs, i.e., by comparison of the similarity of a mass pair with that of a calcification pair. To our knowledge, no one has investigated whether the similarities of pairs of different types of lesions can be compared. Our hypothesis was that if observers do employ a basic concept of similarity for pairs of lesions, the similarity of a mass pair could be compared with that of a calcification pair consistently.
II. MATERIAL AND METHODS
The images used in this study were obtained from the publicly available database, Digital Database for Screening Mammography, 22 developed by the University of South Florida. Regions of interest ͑ROIs͒ 5 cm by 5 cm in size were obtained for benign and malignant masses and microcalcifications, all of which had been verified by biopsy. The contrast and density level for each ROI were manually adjusted to appropriate level by a breast radiologist to facilitate the visual comparison.
A. Previous studies with an absolute rating method
In our previous study on masses, 23 subjective similarity ratings were obtained for 60 pairs of masses by radiologists. Our purpose in the previous study was to determine the subjective ratings for pairs of masses and to use them as a "gold standard" for the development of an objective similarity measure for selection of similar images in our CAD scheme. First, ten ROIs with five benign and five malignant masses were selected as "unknown" images. Those images were selected to include masses with different sizes and various characteristics. For each unknown image, six images were selected as "known" images to be paired with the unknown image so that the expected similarity ratings would range from very dissimilar to very similar by subjective judgment. Five observers, including two breast and three general radiologists participated in the study.
We have also conducted another observer study to obtain the subjective similarity ratings for 114 pairs of microcalcifications. 24 Nineteen ROIs with ten benign and nine malignant microcalcifications were first selected as unknown images that included different sizes and various types of microcalcifications. For each unknown image, six known images were selected in a similar way. In the calcification study, a total of 33 observers including 13 breast radiologists, ten general radiologists, and ten non-radiologists participated, and some observers repeated the study multiple times.
During these studies, an unknown image was placed in the center of a monitor, and then six known images, each paired with the unknown image, were placed on the right and left. The six known images as well as the unknown sets were randomized, and the observers were blinded to their pathologies. The observers were asked to provide the six similarity ratings on a continuous rating scale between 0 and 1, corresponding to "not similar at all" and "almost identical," respectively, based on the overall impression for diagnosis. We considered these to be absolute ratings, because the ratings of 0 and 1 were given specific meanings, and the rating for each pair could be determined subjectively without other pairs.
These two studies formed the nucleus for our current study. For the mass pairs, the average ratings by the five radiologists were considered as the gold standard, and for the calcification pairs, the average ratings by the nine breast radiologists who provided the ratings twice were considered as the gold standard.
B. Determination of similarity ranking score by use of a 2AFC method
In the current 2AFC study, eight pairs of masses and eight pairs of microcalcifications from the previous studies were used. The eight pairs were selected so that their similarity ratings from the previous studies were approximately evenly distributed ͑a difference of about 0.1 between two pairs͒, and the standard errors of the ratings by the five and nine observers for masses and microcalcifications, respectively, were approximately equal to or less than 0.05. In this way, the eight pairs could be distinguished or "ranked" based on the absolute ratings. No image was used more than once.
During the study, each pair was compared with all of the other seven pairs one by one; therefore, the same two pairs appeared twice during the study. The observers were asked to compare the similarities of two pairs and to select one pair that they considered more similar than the other based on the overall impression for diagnosis. The number of times that a pair was selected as the more similar one was counted and considered as the similarity ranking score for the pair. For each pair, two scores were determined by use of the first and second rounds for investigating the intra-observer consistency. The averages of the two scores were used for the other analysis. The order and the positions ͑above or below͒ were randomized, and the positions were switched when the same two pairs appeared for the second time, to reduce the effect of the location. 25 Ten observers, including four breast radiologists, one breast imaging fellow, two general radiologists, and three radiology residents, participated in the 2AFC study. The four breast radiologists and one general radiologist also participated in the previous mass and/or calcification studies. The average ranking scores by the ten observers were compared with the absolute similarity ratings from the previous studies. There were two sessions in the 2AFC study. In the first 2AFC study, the eight mass pairs and eight calcification pairs were grouped separately. Figures 1͑a͒ and 1͑b͒ show the comparisons of the mass pairs, which were ranked second ͑upper pair͒ and third ͑lower pair͒ based on the absolute ratings, and of the calcification pairs, which were ranked second ͑upper͒ and third ͑lower͒, respectively. In the second 2AFC study, the four mass pairs with the odd numbers of FIG. 1. Cases for the first 2AFC study with ͑a͒ the mass pairs, which were ranked second and third and ͑b͒ the calcification pairs, which were ranked second and third, and ͑c͒ the case for the second 2AFC study with the first-ranked calcification pair and the second-ranked mass pair. similarity ranks based on the absolute ratings were combined with the four calcification pairs with the even numbers of ranks, and vice versa, to create two sets of eight pairs. Figure  1͑c͒ shows the case when the first-ranked calcification pair ͑upper͒ was compared with the second-ranked mass pair ͑lower͒. The second study was conducted for investigating whether the concept of similarity can be realized even if different types of lesion pairs are compared.
III. RESULTS
In the first 2AFC study, there was a total of 56 comparisons ͑28 comparisons each for the mass set and the calcification set͒. On average, the observers were consistent in choosing the same pair when the pair was compared with another pair twice. The average number of times that they selected the same pairs were 25.1 ͑90%͒ and 25.2 ͑90%͒ for the mass and calcification sets, respectively. The average Spearman's rank ordered correlation coefficients between the similarity ranking scores for the first and second readings by the same observers ͑intra-observer correlations͒ were 0.92 ͑range, ͓0.84, 0.98͔͒ and 0.90 ͓0.63, 0.98͔ for the mass and calcification sets, respectively. Although the first and the second readings were obtained within one session, many observers commented that they remembered seeing the same case, but did not remember which pair they chose the first time. When the similarity ranking scores by the same observers were averaged, the average Pearson's correlation coefficients between all possible pairs of observers ͑inter-observer correlation͒ were 0.74 ͓0.14, 0.96͔ and 0.86 ͓0.54, 0.99͔ for the mass and calcification sets, respectively. For the mass set, one observer selected more similar pairs differently; however, most of the other observers agreed well with each other. For the calcification set, another observer selected more similar pairs a little differently; however, the other nine observers agreed with each other very well. Although these two observers were not experienced breast radiologists, there did not seem to be an obvious trend in the different levels of experience. The average similarity ranking scores for the 16 pairs of lesions were determined by averaging of the scores of the ten observers. Figures 2͑a͒ and 2͑b͒ show the relationship between the absolute similarity ratings and the similarity ranking scores by the 2AFC method for the mass and calcification sets, respectively. Although one mass pair was ranked higher by the 2AFC method than by the absolute rating method, and the ranks of the fourth and fifth similar calcification pairs were reversed, there were very good correlations between the similarities by the two methods. The correlation coefficients between the average absolute ratings and the average ranking scores were 0.94 and 0.98 for the mass and calcification pairs, respectively.
In the second 2AFC study, the mass pairs and calcification pairs were mixed to create two sets of eight pairs, whose absolute similarity ratings were not so evenly distributed, but ranged from very dissimilar to very similar. The average numbers of times that the observers selected the same pair the first and second time were 25.8 ͑92%͒ and 25.5 ͑91%͒ for the two sets. The average intra-observer rank-ordered correlation coefficients were 0.95 ͓0.88, 0.98͔ and 0.95 ͓0.88, 1.00͔ for the two sets. However, the agreement between the observers was not as good as that in the first study. The average inter-observer correlation coefficients between all the possible pairs of observers were 0.77 and 0.51 for the two sets. There were three observers, including the two "outliers" in the first study, who selected more similar pairs differently for the second set. However, when the similarity ranking scores of the ten observers were averaged, the average ranking scores agreed well with the absolute similarity ratings. The relationship between the average absolute similarity ratings and the average similarity ranking scores for the two sets are shown in Figs. 3͑a͒ and 3͑b͒ . As in the first study, the same mass pair was ranked higher by the 2AFC method than by the absolute rating method. The Pearson's correlation coefficients between the similarities by the two methods were 0.92 and 0.96.
FIG. 2.
Relationships between the average absolute similarity ratings obtained previously and the average similarity ranking scores determined by the 2AFC method for ͑a͒ the mass pairs and ͑b͒ the calcification pairs.
IV. DISCUSSION
The presentation of images with known pathology similar to that of a new unknown lesion would be useful if radiologists considered them as similar. In order to develop a computerized scheme, which would find useful images from a large database, it is important to obtain the data on radiologists' impression of similarity for a large number of pairs of lesions. In our previous studies, 23, 24 subjective similarity ratings for pairs of masses and for pairs of microcalcifications were obtained from radiologists in an absolute scale. Overall, we believe that we could obtain reliable data, as indicated by the high correlations between the average ratings by the different groups of observers. However, it can be difficult to determine the absolute similarity for pairs of breast lesions. In fact, the average inter-observer correlation between pairs of breast radiologists were not very high for the calcification pairs ͑Pearson's correlation coefficient, r = 0.51 with the averages of two readings͒. On the other hand, it is expected that human observers are generally more consistent in choosing one or the other by comparison of the two, e.g., choosing a more similar pair than the other. By use of the 2AFC method, a pair is compared to all other pairs one by one, and the number of times the pair was chosen over the other can be counted and considered as a measure of the similarity score. However, one of the disadvantages of the 2AFC method is that this method only provides rankings, and therefore, the scores would strongly depend on the cases used. Another disadvantage is that using the 2AFC method takes time if the number of cases is large. For the purpose of our determining a gold standard for development of a computerized scheme, therefore, it is desirable to obtain similarity ratings in an absolute scale. In our previous studies, six pairs of images containing the same unknown image were presented to the observers simultaneously, so that the observers could compare and "scale" their ratings. This presentation method, we believe, could help observers to be more consistent in rating within the six pair set; however, it was not known whether the observers were consistent among the different sets.
To investigate whether similarity ratings for pairs of masses and for pairs of microcalcifications can be determined reliably, we conducted a simple experiment in which we determined the similarity ranking scores by the 2AFC method with 16 selected pairs. Although we selected only eight pairs each, the similarity difference of 0.1 is rather subtle, as shown in Fig. 1 , and we were not sure that the observers could judge the differences. However, the results showed good agreement between the average similarity ranking scores by the 2AFC method and the average absolute similarity ratings from the previous studies.
After the first study, we questioned whether a similarity rating of 0.7, for example, for a mass pair would have a comparable meaning for a calcification pair. If so, it would be possible to compare the absolute similarity ratings for different types of lesions as well as the similarity ranking scores that are determined by use of mixed pairs. However, it was not known whether observers could compare the similarities of a mass pair to that of a calcification pair in a consistent manner. In our previous studies, 23, 24 the observers seemed to have more difficulty in rating the calcification pairs than rating the mass pairs. In the reading of microcalcifications, radiologists consider not only the cluster distribution, but also the shape of individual microcalcifications. If the concept of similarity is robust, a consistent result would be expected even by use of mixed pairs. Therefore, we conducted a second study. When the mass pairs and calcification pairs were mixed in the second study, the differences in the absolute ratings of some of the two adjacent-ranked pairs were small; therefore, this was considered more challenging. However, the result was very encouraging. The good correlations between the similarity ranking scores and the absolute ratings indicate that the observers share the basic concept of similarity for pairs of breast lesions, and that the subjective similarity can be determined in the absolute scale in a consistent manner. We believe that the similarity ratings FIG. 3 . Relationships between the average absolute similarity ratings obtained previously and the average similarity ranking scores determined by the second 2AFC study for two sets, ͑a͒ and ͑b͒, when the mass pairs were compared with the calcification pairs.
can be determined reliably and can be used as the gold standard for the development of a computerized scheme. 
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